A planar wideband circularly-polarized (CP) antenna array is designed for an X-band CubeSat. The design is a two-level sequential phase architecture, consisting of a 4 × 4 element array composed of sequentially rotated of 2 × 2 subarrays. Each subarray consists of sequentially rotated 2 × 2 antennas using metasurface. These antenna elements are incorporated with a two-level sequentially rotated phase network in order to obtain wideband characteristic and high gain. The final prototype with a size of 100 mm × 100 mm × 2.032 mm yields a measured |S 11 | < −10 dB bandwidth of 50% (6-10 GHz) and measured axial ratio < 3-dB bandwidth of 40.7% (6.45-9.75 GHz). Additionally, the proposed design achieves a good broadside right-hand CP radiation with a peak gain of 17.0 dBic, 3-dB gain bandwidth of 20.4% (7.5-9.2 GHz), and radiation efficiency of > 82%. With these features, the proposed antenna can be compatible with any CubeSat standard structure, as well as other small satellites.
INTRODUCTION
CubeSat, which is a kind of pico-satellite, has become a hot topic of research owing to its short-time development, low cost, and potential to provide multifunction capabilities [1] . A CubeSat is made up of multiples of cubic units; each unit has a side dimension of 10 cm and a mass of no more than 1-kg [2] . In the early CubeSats, deployable wire antennas operating at VHF/UHF bands are typically used for the low bitrate links (tele-command and telemetry), while S-band antennas are typically used for the high bitrate links of payload data [3] . Along with the demand of broader bandwidth for downloading more data at higher bitrate, recently, X-band frequencies are used for transmitting the payload data of CubeSats [4] . Accordingly, high-gain X-band CubeSat antennas have received much attention. With the main feature of high gain, reflector antennas [5, 6] and reflectarray antennas [7] have been popular choices for CubeSat high-speed data downloading. The sizes of these antennas are normally much larger than the CubeSat bodies, and therefore, the methods to stow the antennas are required. Inflatable and deployable methods [5] [6] [7] enable stowing an antenna inside a small volume and fully deploying in orbit. However, these methods are usually accompanied by increases in the structure complexity and the realization cost of the satellites. As planar antennas [8] with several features -including compact size, light weight, and planar configuration -can be easily integrated on the satellite body, they have been attractive for small satellites. Several developments of the planar array antennas have been proposed for the X-band CubeSat applications. In [9] , an X-band 4-patch array antenna was designed to operate at 8080 MHz with a voltage standing wave ratio < 2 bandwidth of 8050-8200 MHz and a gain of 9 dB. An X-band circularly polarized (CP) array was modeled on a 1U CubeSat [10] . The array composed of 2 × 2 shorted annular patches and a sequential-phase feeding network achieved an axial ratio (AR) < 3 dB at 7.5-8.75 GHz and the peak gain of 13 dBic. With the medium gain (up to ∼ 13 dBic), these 4-patches array antennas are suitable for CubeSat satellites without high-precision attitude determination and control system. In order to further increase the gain and broaden the AR bandwidth, planar array antennas have been incorporated with two-level sequentially rotated feeding networks [11] [12] [13] [14] . Typically, the feeding networks [11, 12] utilized microstrip lines with different electric lengths to achieve the desired phases, and consequently, they required a large area for deploying the microstrip lines. The compact array antennas [13, 14] used series-parallel strips with curved structures in their feeding networks. These arrays employed narrow-band primary radiation elements, i.e., slotted disk-based patch [13] or truncated-corner patch [14] , and therefore, their operational bandwidths were only up to 14% or less.
In this paper, a planar, high-gain, wideband, CP antenna with simple configuration and low realization cost is presented for X-band CubeSat applications. The antenna is composed of 4 × 4 antennas using metasurface [15] which are incorporated with a two-level sequential phase network to not only achieve the high-gain and the wideband operation, but also be compatible with any CubeSat standard structure. The antenna is designed on two low-cost substrates (Subs. #1 and #2) of Rogers RO4003 sheet; i.e., the patch array and the feeding network are built on the top side of Sub. #1, while the metasurfaces are built on the top side of Sub. #2. For easy realization and small height, the two substrates are stacked together without an air gap. The advantages of the design are demonstrated by using the ANSYS Electronic Desktop and validated experimentally.
ANTENNA DESIGN

Configuration of Two-Level Sequentially Rotated CP Array
Sequential rotation technique [16] has been presented as a common way to generate a CP radiation with linearly polarized patch antennas or to improve the radiation performances of CP patch antennas. 1(a) shows the basic configuration of a conventional sequentially rotated patch array. As shown, four radiating elements are sequentially rotated and fed by four ports with the same magnitude and phases of 0 • , 90 • , 180 • , and 270 • , respectively. In order to further improve the bandwidth, as well as polarization purity, a two-level sequentially rotated patch array is implemented. As shown in Fig. 1(b) , this design consists of 2×2 one-level sequentially rotated arrays, named as subarrays, which are arranged in a rotation sequence. Fig. 1 serves as a guide for designing and optimizing the proposed structure using metasurface-based antennas [15] , which is demonstrated in the following sections. Figure 2 shows the geometry of the proposed antenna array, which is a planar structure with footprint of 100 mm × 100 mm to be compatible with any CubeSat standard structure. It consists of 4 × 4 metasurface-based antennas, which are formed in a two-level sequentially rotated array and fed by a feeding network composed of 5 sequentially rotated phase networks based on series-parallel strips [17] .
Antenna Geometry
The antenna system is built on two Rogers RO4003 substrates (Sub. #1 and Sub. #2) with permittivity of 3.38, loss-tangent of 0.0027, and thicknesses of h 1 = 0.508 mm (20 mil) and h 2 = 1.524 mm (60 mil), nevertheless keeping a planar configuration with a total thickness of 2.032-mm (80 mil). The patches and two-level sequential phase network are built on the top side of Sub. #1. The metasurfaces are built on the top side of Sub. #2. The input of the feeding network is a 50-Ω sub-minimization version-A (SMA) connector. For easy realization, the two substrates are stacked together without an air gap. Figure 3 (a) illustrates the geometry of the sequentially rotated phase network. The network is a seriesparallel strip with a curved structure [17] , which is compensated for the Rogers RO4003 substrates and optimized for equally distributing the signal from the input to four outputs with progression phases of 90 • . The input and outputs are microstrip-lines with ∼ 50-Ω characteristic impedance. The input is directly connected to the SMA connector. In order to achieve sequential phases and impedance matching, the network uses seven quarter-wavelength impedance transformers, which are linked together in a sequential rotation manner with alternative parallel and series connections. The network is designed for the center frequency of 8.2 GHz, and its optimized parameters are as follows: W ms = 1.1, L a = 5.0, R i = 3.2, w 1 = 0.2, w 2 = 0.7, w 3 = 0.2, w 4 = 0.5, w 5 = 0.5, w 6 = 0.2, and w 7 = 0.5 (Units: mm). The sequentially rotated phase network is characterized via the ANSYS Electronic Desktop, and its S-parameters and output phases are given in Figs. 3(b) and (c), respectively. It is observed that the reflection coefficient |S 11 | of the network is less than −15 dB at 6-10 GHz, and the transmission coefficients of the four outputs are almost equal at 7-9 GHz. From Fig. 3(c) , the output phases of the network achieves the expected 90 • progression within the interest frequency range. 
Sequentially Rotated Phase Network
Subarray
The geometry of the subarray is illustrated in Fig. 4 . The subarray consists of 2 × 2 patch antennas using metasurface and is fed by a sequentially rotated phase network. Different from [15] , the driven patch of the antenna element is rotated 45 • in order to easily deploy the entire array (4 × 4 elements) on the given area of 100 mm × 100 mm. The feeding network of the subarray is same as the optimized one presented in the previous section. The subarray design is optimized to obtain a wideband characteristic and high gain at the center frequency of 8.2 GHz. Referring to Fig. 4 , the optimized design parameters of the subarray are as follows: P = 5.7, g = 0.4, gap = 0.6, W ms = 1.1, L a = 5.0, R i = 3.2, w 1 = 0.2, w 2 = 0.7, w 3 = 0.2, w 4 = 0.5, w 5 = 0.5, w 6 = 0.2, w 7 = 0.5, W p = 10, L c = 4.5, W s = 3.0, L s = 3.2, and S p = 23 (Units: mm). In order to illustrate the effects of the metasurface, different configurations of the 2 × 2 patch array antenna, as shown in Fig. 5 , are investigated. Ant. 1 is a subarray without metasurface. Ant. 2 is a 2× 2 patch array, which is fully optimized for broadband CP radiation at the center frequency of 8. as those of the subarray in Fig. 4 . Referring to Fig. 3(c) , the design parameters of Ant. 2 are as follows: W ms = 1.1, L a = 5.0, R i = 3.2, w 1 = 0.2, w 2 = 0.7, w 3 = 0.2, w 4 = 0.5, w 5 = 0.5, w 6 = 0.2, w 7 = 0.5, W p = 10, L c = 1.5, W s = 0.6, L s = 3.2, and S p = 23 (Units: mm). The performances for different configurations of the 2 × 2 patch array antenna are calculated via the ANSYS Electronic Desktop and given in Fig. 6 . It is observed that the presence of the metasurface enhances the antenna performances significantly. As shown in Fig. 6 , Ant. 1 yields a poor performance due to the absence of metasurface, and it has not been fully optimized. Both Ant. 2 and Ant. 3 are fully optimized for broadband CP radiation at the center frequency of 8.2 GHz. The patch array without metasurface (Ant. 2) achieves an |S 11 | < −10 dB bandwidth of 10.38% (7.67-8.51 GHz), AR < 3 dB bandwidth of 8.1% (7.69 -8.34 GHz), and the peak gain of 11.2 dBic. Ant. 3 achieves an |S 11 | < −10 dB bandwidth of 38.1% (6.8-10.0 GHz), AR < 3 dB bandwidth of 27.85% (6.8-9.0 GHz), and the peak gain of 13.16 dBic. Compared to the traditional patch array (Ant. 2), the metasurface-based patch array (Ant. 3) achieves a ∼ 360% increase in |S 11 | < −10 dB bandwidth, ∼ 340% increase in AR < 3-dB bandwidth, and ∼ 2 dB increase in the gain. It is well known that the element spacing is a crucial parameter for determining the performances of the sequentially rotated array. In the proposed design, the element spacing is optimized for the maximum broadside gain at 8.2 GHz. This is illustrated in Fig. 7 , which shows the performances of the subarray for different element spacings. Note that the metasurface size of the single element is 4 × P = 22.8 mm. To avoid overlap, S p cannot be less than 22.8 mm. As shown in Fig. 7 , with the spacing increased, |S 11 | and |AR| values are hardly changed at the desired frequency range, while the peak gain shifts toward the lower frequency. S p = 23.0 mm offers the peak gain of 13.16 dBic at the desired frequency of 8.2 GHz, whereas the other cases with S p = 24.5 mm and S p = 26.0 mm yield peak gains at 8.0 GHz and 7.8 GHz, respectively. Accordingly, the S p = 23.0 mm is chosen for the final design. Figure 8 shows the simulated radiation pattern of the subarray. As expected, the subarray antenna yields a right-hand CP (RHCP) radiation with symmetric profile and high front-to-back (F-B) ratio. At 8.2 GHz, the subarray achieves a gain of 13.16 dBic, an F-B ratio of 28 dB, and half-power beamwidths (HPBW) of 33 • in both x-z and y-z planes.
FABRICATION AND MEASUREMENTS
The proposed array antenna is fabricated and measured. A fabricated sample of the prototype is given in Fig. 9(a) . The patch array with feeding network and metasurface are realized on Rogers RO4003 substrates with a copper thickness of 17 µm via a standard printed circuit board technology. In order to simplify the fabrication, the two substrates are fastened together using thin strips of tape (not included in the simulations). The measured and simulated |S 11 | and AR values of the prototype are given in Figs. 9(b) and (c). Both simulation and measurement indicate that the design achieves a wideband operation. From Fig. 9 (b), the measured |S 11 | < −10 dB bandwidth is 6.0-10.0 GHz (50%), whereas the simulated bandwidth is 6.3-10.0 GHz (45.4%). From Fig. 9(c) , the measurements result in a 3-dB AR bandwidth of 6.45-9.75 GHz (40.7%) as compared to the simulation value of 6.35-9.65 GHz (41.25%). A slight discrepancy between the simulation and measurement results could be attributed to the fabrication tolerance; namely, some undesired airs between the two substrates cannot be eliminated. Figure 10 (a) shows the normalized 8.2 GHz radiation pattern of the fabricated prototype. It is observed that the antenna radiates an RHCP wave with symmetric pattern and a high F-B ratio. At 8.2 GHz, the measurements result in an F-B ratio of > 20 dB and HPBWs of 21 • and 20 • in the x-z and y-z planes, respectively. The broadside gain of the array is given Fig. 10(b) . The measurements A performance comparison between the proposed array antenna and recent X-band 4 × 4 element array antennas is given in Table 1 . Due to employing dual-feed CP patches as the primary radiating elements [11, 12] , these arrays suffer from complex feeding networks; i.e., the dual-feed is realized by a Wilkinson power-divider combined with a 90 • phase shifter [11] or a branch-line coupler [12] . Also, the patches and feeding networks are built on different substrates; they are connected by using vias passed through multi-layers. By using series-parallel strips with curved structures, the feeding networks and patches of the proposed array and the priors in [13, 14] are implemented on the top side of a single-layer substrate. As shown in Table 1 , our design yields a significantly smaller size, a simpler configuration, and a comparable global bandwidth (the global bandwidth is overlapped bandwidths for |S 11 | < −10 dB, CP radiation, and 3-dB gain) relative to the arrays in [11, 12] . In comparison with the array using single-feed CP elements [13, 14] , the proposed antenna achieves a significantly wider global bandwidth, nevertheless a similar complexity. λ is a free space wavelength referring to the center frequency
CONCLUSION
A planar antenna array with wideband and high-gain CP radiation has been proposed for X-band CubeSat applications. The array is composed of 4 × 4 antennas using metasurface, which are formed in a two-level sequentially rotated array and incorporated with a two-level sequentially rotated phase network. The prototype with an overall size of 100 mm ×100 mm ×2.032 mm achieves an |S 11 | < −10 dB bandwidth of 50%, a 3-dB AR bandwidth of 40.7%, a 3-dB gain bandwidth of 20.36%, the peak gain of 17.0 dBic, and a radiation efficiency of >82%. With these advantages -including simple configuration, planar structure, wide operating frequency band, stable radiation profile, high gain, and high radiation efficiency -the proposed design is a good candidate for use in X-band CubeSat applications, as well as other small satellites.
